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Two classification schemes for 3-lactamases are currently in use. The molecular classification is based
on the amino acid sequence and divides -lactamases into class A, C, and D enzymes which utilize serine
for B-lactam hydrolysis and class B metalloenzymes which require divalent zinc ions for substrate
hydrolysis. The functional classification scheme updated herein is based on the 1995 proposal by Bush et
al. (K. Bush, G. A. Jacoby, and A. A. Medeiros, Antimicrob. Agents Chemother. 39:1211-1233, 1995). It
takes into account substrate and inhibitor profiles in an attempt to group the enzymes in ways that can
be correlated with their phenotype in clinical isolates. Major groupings generally correlate with the more
broadly based molecular classification. The updated system includes group 1 (class C) cephalosporinases;
group 2 (classes A and D) broad-spectrum, inhibitor-resistant, and extended-spectrum (3-lactamases and
serine carbapenemases; and group 3 metallo-f3-lactamases. Several new subgroups of each of the major
groups are described, based on specific attributes of individual enzymes. A list of attributes is also
suggested for the description of a new (-lactamase, including the requisite microbiological properties,
substrate and inhibitor profiles, and molecular sequence data that provide an adequate characterization

for a new B-lactam-hydrolyzing enzyme.

Hydrolysis of B-lactam antibiotics by B-lactamases is the
most common mechanism of resistance for this class of anti-
bacterial agents in clinically important Gram-negative bacteria.
Because penicillins, cephalosporins, and carbapenems are in-
cluded in the preferred treatment regimens for many infectious
diseases, the presence and characteristics of these enzymes
play a critical role in the selection of appropriate therapy.

B-Lactamase production is most frequently suspected in a
Gram-negative bacterial isolate that demonstrates resistance
to a B-lactam antibiotic. Due to more sophisticated molecular
approaches than were previously available, it has become in-
creasingly easy to obtain nucleotide sequences, with their de-
duced amino acid sequences, for the genes encoding these
enzymes in B-lactam-resistant clinical isolates. By late 2009,
the number of unique protein sequences for B-lactamases ex-
ceeded 890 (16; G. Jacoby and K. Bush, http://www.lahey.org
/Studies/ [a site that contains additional literature and GenBank
accession number references for B-lactamases in various func-
tional groups]). Thus, it is important that a systematic process be
established for tracking these enzymes.

Classification of B-lactamases has traditionally been based
on either the functional characteristics of the enzymes (16, 55)
or their primary structure (2). The simplest classification is by
protein sequence, whereby the B-lactamases are classified into
four molecular classes, A, B, C, and D, based on conserved and
distinguishing amino acid motifs (2, 3, 29, 46). Classes A, C,
and D include enzymes that hydrolyze their substrates by form-
ing an acyl enzyme through an active site serine, whereas class
B B-lactamases are metalloenzymes that utilize at least one
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active-site zinc ion to facilitate B-lactam hydrolysis. Although a
structural approach is the easiest and least controversial way to
classify such a diverse set of enzymes, a functional classification
provides the opportunity to relate these varied enzymes to
their clinical role, i.e., by providing selective resistance to dif-
ferent classes of B-lactam antibiotics. Functional groupings,
admittedly, can be more subjective than structural classes, but
they aid the clinician and laboratory microbiologist in corre-
lating the properties of a specific enzyme with the observed
microbiological resistance profile for a clinical isolate. Histor-
ically, functionality has been the overriding consideration in
defining the role of a particular B-lactamase in the medical
setting (55). Thus, it seems appropriate to continue to group
these diverse enzymes according to their hydrolytic and inhi-
bition properties.

UPDATED FUNCTIONAL CLASSIFICATION

Table 1 depicts an expanded version of the functional clas-
sification scheme proposed initially by Bush in 1989 (13) and
expanded in 1995 (16). This table aligns structural and func-
tional classifications as closely as possible, based on the avail-
able information in the public domain. New functional subgroups
have been added to the scheme as a result of identification and
expansion of major B-lactamase families in which variants con-
tinue to be identified on a regular basis (Table 2). As in the
earlier functional classifications, enzymes were aligned based
on their ability to hydrolyze specific B-lactam classes and on
the inactivation properties of the B-lactamase inhibitors clavu-
lanic acid, sulbactam, and tazobactam. A description of each of
the functional groups follows.

Group 1 cephalosporinases. Group 1 enzymes are cephalo-
sporinases belonging to molecular class C that are encoded on
the chromosomes of many Enterobacteriaceae and a few other
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TABLE 1. Classification schemes for bacterial B-lactamases, expanded from Bush et al. (16)

Bush-Jacoby Bush-Jacoby-

Inhibited by

group Medeiros Molect:l lir class Distinctive substrate(s) Defining characteristic(s) Representative
(2009)  group (1995)  (Subclass) CA or TZB* EDTA enzyme(s)

1 1 C Cephalosporins No No Greater hydrolysis of cephalosporins E. coli AmpC, P99,
than benzylpenicillin; hydrolyzes ACT-1, CMY-2,
cephamycins FOX-1, MIR-1

le NI® C Cephalosporins No No Increased hydrolysis of ceftazidime = GC1, CMY-37
and often other oxyimino-f-
lactams

2a 2a A Penicillins Yes No Greater hydrolysis of PC1
benzylpenicillin than
cephalosporins

2b 2b Penicillins, early cephalosporins Yes No Similar hydrolysis of benzylpenicillin TEM-1, TEM-2,
and cephalosporins SHV-1

2be 2be Extended-spectrum Yes No  Increased hydrolysis of oxyimino-3- TEM-3, SHV-2,

cephalosporins, lactams (cefotaxime, ceftazidime, CTX-M-15,
monobactams ceftriaxone, cefepime, aztreonam) PER-1, VEB-1
2br 2br Penicillins No No Resistance to clavulanic acid, TEM-30, SHV-10
sulbactam, and tazobactam
2ber NI A Extended-spectrum No No Increased hydrolysis of oxyimino-B- TEM-50
cephalosporins, lactams combined with resistance
monobactams to clavulanic acid, sulbactam, and
tazobactam

2c 2c A Carbenicillin Yes No Increased hydrolysis of carbenicillin ~ PSE-1, CARB-3

2ce NI A Carbenicillin, cefepime Yes No Increased hydrolysis of carbenicillin, RTG-4
cefepime, and cefpirome

2d 2d D Cloxacillin Variable No Increased hydrolysis of cloxacillin or OXA-1, OXA-10
oxacillin

2de NI D Extended-spectrum Variable No Hydrolyzes cloxacillin or oxacillin OXA-11, OXA-15

cephalosporins and oxyimino-B-lactams

2df NI D Carbapenems Variable No Hydrolyzes cloxacillin or oxacillin OXA-23, OXA-48
and carbapenems

2e 2e A Extended-spectrum Yes No Hydrolyzes cephalosporins. CepA

cephalosporins Inhibited by clavulanic acid but
not aztreonam

2f 2f A Carbapenems Variable No Increased hydrolysis of KPC-2, IMI-1,
carbapenems, oxyimino-f-lactams, SME-1
cephamycins

3a 3 B (B1) Carbapenems No Yes  Broad-spectrum hydrolysis including IMP-1, VIM-1,
carbapenems but not CcrA, IND-1
monobactams

B (B3) L1, CAU-1, GOB-
1, FEZ-1

3b 3 B (B2) Carbapenems No Yes  Preferential hydrolysis of CphA, Sth-1
carbapenems

NI 4 Unknown

“ CA, clavulanic acid; TZB, tazobactam.
> NI, not included.

organisms (27). They are more active on cephalosporins than
benzylpenicillin and are usually resistant to inhibition by cla-
vulanic acid and active on cephamycins, such as cefoxitin. They
have a high affinity for aztreonam (K; values as low as 1 to 2
nM), in contrast to the class A cephalosporinases (14, 15). A
few have unusual properties, such as a lack of activity on
cefoxitin (6), inhibition by clavulanate or tazobactam (5, 69), or
production of resistance to cefotaxime but not ceftazidime
(73). In many organisms, including Citrobacter freundii, Entero-
bacter cloacae, Serratia marcescens, and Pseudomonas aerugi-
nosa, AmpC expression is low but inducible on exposure to
certain B-lactams, such as amoxicillin, ampicillin, imipenem,
and clavulanic acid (17, 27, 34, 67). In other organisms, includ-
ing Acinetobacter baumannii and Escherichia coli, one or more
components of the induction system are missing. When pro-
duced in large amounts, especially in a host with reduced
B-lactam accumulation, group 1 enzymes can provide resis-
tance to carbapenems, especially ertapenem (11, 28, 51). Plas-
mid-mediated group 1 enzymes in the CMY, ACT, DHA,

FOX, MIR, and other families have been known since 1989 but
are currently less common than plasmid-mediated subgroup
2be extended-spectrum B-lactamases (ESBLs) (27).

The new subgroup le enzymes are group 1 variants with
greater activity against ceftazidime and other oxyimino-p-lac-
tams as a result of amino acid substitutions, insertions, or
deletions (44). They have been termed extended-spectrum
AmpC (ESAC) B-lactamases and include GC1 in E. cloacae
(45) and plasmid-mediated CMY-10 (33), CMY-19 (64),
CMY-37 (1), and others (21). An AmpC variant from P. aerugi-
nosa with increased activity against imipenem has also been
recently described (57). Clinically significant resistance is most
often conferred when the producing organism also has a porin
mutation (36).

Group 2 serine B-lactamases. Functional group 2 B-lacta-
mases, including molecular classes A and D, represent the
largest group of B-lactamases, due primarily to the increasing
identification of ESBLs during the past 20 years (Fig. 1). Sub-
group 2a penicillinases represent a small group of B-lactamases
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TABLE 2. Major families of B-lactamases of clinical importance
]?:Ifl};g}ae FunCt;Eg;Ogégup o eng;ﬁgib,r Representative enzymes
CMY 1, 1e 50 CMY-1 to CMY-50
TEM 2b, 2be, 2br, 2ber 172
2b 12 TEM-1, TEM-2, TEM-13
2be 79 TEM-3, TEM-10, TEM-26
2br 36 TEM-30 (IRT-2), TEM-31 (IRT-1), TEM-163
2ber 9 TEM-50 (CMT-1), TEM-158 (CMT-9)
SHV 2b, 2be, 2br 127
2b 30 SHV-1, SHV-11, SHV-89
2be 37 SHV-2, SHV-3, SHV-115
2br 5 SHV-10, SHV-72
CTX-M 2be 90 CTX-M-1, CTX-M-44 (Toho-1) to CTX-M-92
PER 2be 5 PER-1 to PER-5
VEB 2be 7 VEB-1 to VEB-7
GES 2f 154 GES-2 to GES-7 (IBC-1) to GES-15
KPC 2f 9 KPC-2 to KPC-10
SME 2f 3 SME-1, SME-2, SME-3
OXA 2d, 2de, 2df 158
2d 5 OXA-1, OXA-2, OXA-10
2de 9 OXA-11, OXA-14, OXA-15
2df 48° OXA-23 (ARI-1), OXA-51, OXA-58
IMP 3a 26 IMP-1 to IMP-26
VIM 3a 23 VIM-1 to VIM-23
IND 3a 8 IND-1, IND-2, IND-2a, IND-3 to IND-7

“ Enzyme families include those for which numbers have been assigned based on primary amino acid structures (G. Jacoby and K. Bush, http://www.lahey.org/Studies/).

® Compiled through December 2009.

¢ The sum of the subgroups in each family does not always equal the total number of enzymes in each family, because some enzyme numbers have been withdrawn,
and some enzymes have not been assigned a functional designation by the investigators who provided the amino acid sequence.

4 GES-1, unlike other members of the GES family, has little detectable interaction with imipenem (49).

¢ Nine clusters of OXA carbapenemases with their individual members have been designated in Table 6 in reference 52.

with a relatively limited spectrum of hydrolytic activity and are many penicillin derivatives, with poor hydrolysis of cephalo-
the predominant B-lactamases in Gram-positive cocci, includ- sporins, carbapenems, or monobactams at rates usually =10%
ing the staphylococci (30) and occasionally enterococci (74). those for benzylpenicillin or ampicillin. An exception is the
These enzymes preferentially hydrolyze benzylpenicillin and facile hydrolysis of nitrocefin by the subgroup 2a enzymes.

Number of unique enzymes

750 —
=—@— Group 1/class C cephalosporinases
600 — === Group 2/class A and class D B-lactamases
=8 Group 3/class B metallo-B-lactamases
450
300
150
0 ® A T T T T T
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FIG. 1. Increase in numbers of group 1, 2, and 3 B-lactamases from 1970 to 2009. Shown are group 1/class C cephalosporinases (black), group
2/class A and class D B-lactamases (blue), and group 3/class B metallo-B-lactamases (red).
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Subgroup 2a B-lactamases are inhibited by clavulanic acid and
tazobactam with 50% inhibitory concentrations (ICs,s) of usu-
ally <1 M, assuming at least 5 min of preincubation of en-
zyme and inhibitor. The majority of these enzymes are chro-
mosomal, although some staphylococcal penicillinases are
plasmid encoded. This subgroup, which numbered 20 in 1995,
has increased to only 25 in 2009. This may be because a true
penicillinase does not cause significant clinical resistance for
those B-lactams in predominant current use.

Subgroup 2b B-lactamases readily hydrolyze penicillins and
early cephalosporins, such as cephaloridine and cephalothin,
and are strongly inhibited by clavulanic acid and tazobactam.
They include the TEM-1, TEM-2, and SHV-1 enzymes, the
most common plasmid-mediated B-lactamases identified in the
1970s and early 1980s (38, 58). Since the 1995 B-lactamase
compilation (16), at least 9 TEM and 29 SHV 2b enzymes have
been described (G. Jacoby and K. Bush, http://www.lahey.org
/Studies/) often in the course of characterizing other B-lacta-
mases in unusually resistant clinical isolates.

Subgroup 2be comprises ESBLs. These broad-spectrum en-
zymes retain the activity against penicillins and cephalosporins
of subgroup 2b B-lactamases and in addition hydrolyze one or
more oxyimino-B-lactams, such as cefotaxime, ceftazidime, and
aztreonam, at a rate generally >10% that of benzylpenicillin.
The first and largest subset of subgroup 2be was derived by
amino acid substitutions in TEM-1, TEM-2, and SHV-1 that
broadened their substrate spectrum at a cost of lower hydro-
lyzing activity for benzylpenicillin and cephaloridine (53).
TEM and SHV ESBLs have been joined by the functionally
similar but more rapidly proliferating CTX-M enzymes that
are related to chromosomally determined -lactamases in spe-
cies of Kluyvera (8). As the name implies, most (but not all)
CTX-M enzymes hydrolyze cefotaxime more readily than
ceftazidime. Many hydrolyze cefepime as well. Unlike TEM or
SHYV ESBLs, CTX-M enzymes are inhibited by tazobactam at
least an order of magnitude better than by clavulanic acid (8,
65). Finally, there are less common ESBLs unrelated to TEM,
SHV, or CTX-M, including BEL-1, BES-1, SFO-1, TLA-1,
TLA-2, and members of the PER and VEB enzyme families.
Characteristically, subgroup 2be B-lactamases remain sensitive
to inhibition by clavulanic acid, a feature used in their detec-
tion by clinical laboratories (19).

Subgroup 2br enzymes are broad-spectrum (-lactamases
that have acquired resistance to clavulanic acid (IC5, = 1 uM)
and related inhibitors while retaining a subgroup 2b spectrum
of activity. Currently 36 of the 135 functionally characterized
TEM enzymes have this property and include enzymes such as
TEM-30 and TEM-31 (IRT-2 and IRT-1, respectively), as well
as 5 of the corresponding functionally characterized 72 SHV
enzymes (e.g., SHV-10). No CTX-M pB-lactamase demon-
strates this characteristic to date (G. Jacoby and K. Bush,
http://www.lahey.org/Studies/).

Subgroup 2ber includes TEM enzymes that combine an ex-
tended spectrum with relative resistance to clavulanic acid
inhibition. Although all have clavulanic acid ICs,s greater than
that of TEM-1 (0.08 uM), for some 2ber enzymes the increase
in clavulanic acid resistance is modest. They have also been
termed CMT (complex mutant TEM) B-lactamases and in-
clude TEM-50 (CMT-1) (56, 61).

Subgroup 2c penicillinases are characterized functionally by
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their ability to hydrolyze carbenicillin or ticarcillin at least 60%
as rapidly as benzylpenicillin, with cloxacillin or oxacillin hy-
drolyzed at rates less than half those for benzylpenicillin (16).
These penicillinases are generally easily inhibited by clavulanic
acid or tazobactam, most often with 1Csys of <1 wM. Because
carbenicillin is an antibiotic that is currently used infrequently
and is not tested for stability by most investigators, only a few
new 2c B-lactamases have been described over the past decade
(18, 40, 47).

Subgroup 2ce contains the recently described extended-
spectrum carbenicillinase RTG-4 (CARB-10) with expanded
activity against cefepime and cefpirome (50).

Subgroup 2d includes B-lactamases distinguished by their
ability to hydrolyze cloxacillin or oxacillin at a rate of >50%
that for benzylpenicillin and hence are known as OXA en-
zymes. Carbenicillin may also be readily hydrolyzed. Most
members of the OXA family, however, are currently identified
according to their conserved amino acid motifs rather than
according to function. Many 3-lactamases in this subgroup are
inhibited by NaCl; they typically have clavulanic acid ICs,s of
=1 pM. OXA-related enzymes now comprise the second larg-
est family of B-lactamases (Table 2).

In the new subgroup 2de are cloxacillin- or oxacillin-hydro-
lyzing enzymes with an extended spectrum that includes oxy-
imino-B-lactams but not carbapenems. The majority of 2de
enzymes are derived from OXA-10 by between 1 and 9 amino
acid substitutions and include enzymes such as OXA-11 and
OXA-15. They have most often been found in Turkey and
France in isolates of P. aeruginosa, where the level of resistance
they produce is higher than that in E. coli (9). Resistance to
ceftazidime is usually more pronounced than resistance to cef-
otaxime or aztreonam. However, organisms producing a few
oxacillinases, such as OXA-1 or OXA-31, may be susceptible
to ceftazidime but resistant to cefepime (4).

New subgroup 2df B-lactamases are OXA enzymes with
carbapenem-hydrolyzing activities. They appear most fre-
quently in Acinetobacter baumannii and are usually produced
by genes that are located on the chromosome (66), although
plasmid-borne OXA-23 and OXA-48 enzymes have been iden-
tified in the Enterobacteriaceae (16, 48). The 2df enzymes have
been divided into nine clusters according to amino acid ho-
mologies (52, 59, 62, 66). Although subgroup 2d enzymes are
defined functionally according to their ability to hydrolyze clox-
acillin or oxacillin, only a few subgroup 2df enzymes have been
tested using these substrates (66). Of those tested, only
OXA-50 had no detectable oxacillin hydrolysis. The character-
ized OXA carbapenemases have weak hydrolytic activity for
carbapenems, demonstrated by k., values for imipenem and
meropenem that are generally <1 s~ ', with imipenem hydro-
lyzed faster and more efficiently than meropenem. These rates
compare to much higher k_,, values for benzylpenicillin or
oxacillin, substrates that were usually hydrolyzed at least 40- to
50-fold faster than the carbapenems (66). Although the pro-
ducing organisms are generally highly resistant to carbapen-
ems, E. coli transformants or transconjugants that produce
these enzymes are usually susceptible to the carbapenems (66).
The enzymes, and their producing organisms, are typically
unresponsive to inhibition by clavulanic acid.

Characteristics of the subgroup 2e cephalosporinases in-
clude the ability to hydrolyze extended-spectrum cephalospo-
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rins and to be inhibited by clavulanic acid or tazobactam. The
inducible, chromosomal cephalosporinases in the Proteae often
belong to this subgroup. They can be confused with the group
1 AmpC enzymes or with ESBLs because they may appear in
similar organisms and with comparable resistance profiles.
Subgroup 2e enzymes can be differentiated from AmpC en-
zymes by their poor affinity for aztreonam, in contrast to the
nM K,,, (K;) values observed for aztreonam with group 1 en-
zymes (13). The number of 2e enzymes has remained stable
since 1995 and is not expected to include many new members
in the future, probably because many of these enzymes are now
identified as ESBLs.

Serine carbapenemases from molecular class A populate
subgroup 2f. Carbapenems are the distinctive substrates for
these enzymes, which can be inhibited better by tazobactam
than by clavulanic acid. Extended-spectrum cephalosporins
such as ceftazidime are not well hydrolyzed by the SME and
IMI-1 enzymes, but aztreonam can be degraded by most of
them, except for GES-3 and GES-4. The SME family, as well
as IMI-1 and NMC-1 B-lactamases, are representatives of the
chromosomal subgroup 2f enzymes (52). More worrisome,
however, are the plasmid-encoded subgroup 2f B-lactamases,
including KPC and some GES (formerly IBC) enzymes. The
KPC carbapenemases in particular have recently been associ-
ated with major outbreaks of multidrug-resistant Gram-nega-
tive infections in hospitals, including those in the New York
City metropolitan area (10, 12, 70) and in Israel (32), with their
spread now becoming worldwide (43, 63, 68).

Group 3 MBLs. Metallo-pB-lactamases (MBLs), a unique
group of B-lactamases both structurally and functionally, are
usually produced in combination with a second or third B-lac-
tamase in clinical isolates. They differ structurally from the
other B-lactamases by their requirement for a zinc ion at the
active site. Functionally, they were once distinguished primar-
ily by their ability to hydrolyze carbapenems, but some serine
B-lactamases now have also acquired that ability. In contrast to
the serine B-lactamases, the MBLs have poor affinity or hydro-
lytic capability for monobactams and are not inhibited by clav-
ulanic acid or tazobactam. Instead, they are inhibited by metal
ion chelators such as EDTA, dipicolinic acid, or 1,10-0-phe-
nanthroline (31, 37). These metalloenzymes have been subdi-
vided, based on either structure (subclasses B1, B2, and B3)
(22-24) or function (subgroups 3a, 3b, and 3c) (54). As with
the other functional groups, the two groupings were aligned as
closely as possible, although structural subclasses B1 and B3
were found to correlate with similar functions (Table 1). MBLs
originally were identified as chromosomal enzymes in Gram-
positive or occasional Gram-negative bacilli, such as Bacte-
roides fragilis (72) or Stenotrophomonas maltophilia (35, 42),
and their number accordingly remained relatively constant for
many years. When MBLs began to appear on transferable
elements, they became more promiscuous and were subject to
evolutionary pressures in a variety of hosts, resulting in enzyme
families with several dozen unique variants (Table 2).

Based on more extensive biochemical characterization of the
increasing numbers of metallo-B-lactamases, it is now being
proposed that only two functional subgroups be described.
Subgroup 3a includes the major plasmid-encoded MBL fami-
lies, such as the IMP and VIM enzymes that have appeared
globally, most frequently in nonfermentative bacteria but also

MINIREVIEW 973

in Enterobacteriaceae (52). These enzymes belong to molecular
subclass B1 based on the consensus amino acids that serve as
ligands to the two zinc atoms required for the broad-spectrum
hydrolytic activity observed with these MBLs (22-24). In ad-
dition, the common L1 MBL from S. maltophilia as well as the
subclass B3 MBLs, such as CAU-1, GOB-1, and FEZ-1, are
being added to subgroup 3a (7, 54). These enzymes differ from
the other subgroup 3a enzymes due to differences in the amino
acids involved in zinc binding; however, both structural sub-
classes require two bound zinc ions for maximal enzymatic
activity and have similar broad-spectrum substrate profiles (23,
24). High hydrolysis rates based both on k., and k., /K,,, values
are observed for penicillins, cephalosporins, and carbapenems,
but not monobactams. An exception is the FEZ-1 carbapen-
emase with preferential hydrolysis of cephalosporins compared
to carbapenems and penicillins, due primarily to high K,,, val-
ues for these latter substrates (41).

Subgroup 3b contains a smaller group of MBLs that prefer-
entially hydrolyze carbapenems in contrast to penicillins and
cephalosporins (60). These enzymes have been difficult to de-
tect when chromogenic cephalosporins, such as nitrocefin, are
used to monitor the presence of B-lactamase activity on iso-
electric focusing gels or during purification procedures. Thus,
the chromosomal MBLs in Aeromonas spp. were often over-
looked in carbapenem-resistant isolates because the enzymes
did not react with nitrocefin in cell extracts used for isoelectric
focusing or during chromatography (71). Mechanistically,
these enzymes are most effective in hydrolyzing carbapenems if
only one of the zinc binding sites is occupied (26). In contrast
to the other subgroups of MBLs, the presence of a second zinc
ion is actually inhibitory to enzymatic activity (20).

Group 4 B-lactamases previously included in the 1995 func-
tional classification have been omitted in the present scheme.
These enzymes most likely would be included in one of the
existing enzyme groups if more information about them were
available. Because these enzymes have as yet been incom-
pletely characterized, further categorization has not been at-
tempted.

DISCUSSION

Ideally, a strong structure-function relationship should be
observed among the various -lactamase groupings. The opti-
mal outcome would result in a categorization scheme that
placed all B-lactamases into a single classification grid aligning
both structure and function. This kind of relationship is begin-
ning to be accomplished with the MBLs. However, at the
current time, many B-lactamases are described only on the
basis of a protein sequence, with little functional description.
Therefore, a set of criteria has been proposed for the descrip-
tion of a new B-lactamase, including both structural and func-
tional information. Table 3 outlines the information needed
for a full characterization.

The reasons for B-lactamase diversity are many. At least the
serine-based varieties are ancient enzymes, estimated to have
been evolving for more than 2 billion years starting from a time
before the divergence of bacteria into Gram-negative and
Gram-positive varieties (25). They are found in bacteria living
in a wide variety of environments and hence are subject to
different selective pressures. They are well-studied enzymes
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TABLE 3. Characterization of new 3-lactamases

Data set required Specific testing criteria

MIC:s using standardized
methodology .......ceeeeeveeecvicicinieicnann. Select antibiotics that most closely define the enzymatic properties. Strains to be tested should include (i)
original clinical isolate, (ii) transformant or transconjugant with no other enzyme present, and
(iii) host strain without any B-lactamase.
Full nucleotide and amino
acid sequences ..Standard methodology
Approved name ... ..Contact the curators of the website http://www.lahey.org/Studies/
Protein purification.........cccoeeveueueuennnee At least 90% purity on electrophoresis with high protein concn. No unrelated B-lactamase activity
in the extract.
.Isoelectric point for all B-lactamases in original clinical isolate and for purified protein

Isoelectric focusing
Hydrolysis profile
(kear and K, values) ........coeccuvuncee. Standard substrates are as follows: cephaloridine” (or cephalothin), benzylpenicillin, cloxacillin or
oxacillin, cefotaxime, ceftazidime, cefoxitin, imipenem, and aztreonam. Additional substrates should
be tested for enzymes with specific substrate profiles, e.g., doripenem, ertapenem, and/or
meropenem for carbapenemases. Native (nontagged) enzymes should be studied.

Inhibition profile (ICss”
or inhibition constants).........c..c..... Standard inhibitors, including clavulanic acid, tazobactam, and EDTA®

¢ Cephaloridine is preferred (contact K. Bush for availability), but cephalothin can be substituted.
> Determined after 5 min of preincubation of enzyme and inhibitor. Substrate concentration and K,,, should be reported.
¢ Other metal ion-chelating agents, such as 1,10-o-phenanthroline or dipicolinic acid, can also be tested if an MBL is suspected.

that have attracted the attention of many investigators in the 9. Bradford, P. A. 2001. Extended-spectrum B-lactamases in the 21st century:
: . characterization, epidemiology, and detection of this important resistance

70 years since they were first desc.rlbed: The}{ are adaptable threat. Clin. Microbiol. Rev. 14:033-951.

enzymes that have evolved to avoid being crippled by com- 10. Bradford, P. A., S. Bratu, C. Urban, M. Visalli, N. Mariano, D. Landman,

pounds intended as inhibitors and to attack B-lactam antibiot- J. J. Rahal, S. Brooks, S. Cebular, and J. Quale. 2004. Emergence of

. . . . . . carbapenem-resistant Klebsiella species possessing the class A carbapenem-
ics designed to resist their action (39)' Fmally’ bla genes have hydrolyzing KPC-2 and inhibitor-resistant TEM-30 B-lactamases in New

profited from the many mechanisms for horizontal gene trans- York City. Clin. Infect. Dis. 39:55-60.

fer between bacteria to spread to new hosts and to become part 11. Bradford, P. A., C. Urban, N. Mariano, S. J. Projan, J. J. Rahal, and K.
Bush. 1997. Imipenem resistance in Klebsiella pneumoniae is associated with

of multiresistance plasmids now common in clinical isolates the combination of ACT-1, a plasmid-mediated AmpC B-lactamase, and the

with resulting promiscuous dissemination. Given these many loss of an outer membrane protein. Antimicrob. Agents Chemother. 41:563—
. - .. . . 569.

factors, it is ?1 safe p}‘edICFIOH that B-lactamases will cgntmue’to 12. Bratu, S, D. Landman, R. Haag, R. Recco, A. Eramo, M. Alam, and J.

evolve, as will classification schemes needed for their descrip- Quale. 2005. Rapid spread of carbapenem-resistant Klebsiella pneumoniae in

tion. New York City: a new threat to our antibiotic armamentarium. Arch. Intern.

Med. 165:1430-1435.
13. Bush, K. 1989. Characterization of B-lactamases. Antimicrob. Agents Che-
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